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Introduction {#sec1}
============

Inflammation as a defense mechanism in the body is an immune response at the basis of many physiological and pathological processes.[@bib1] ^,^ [@bib2] However, certain infections can also cause an overwhelming local/systemic inflammatory response, leading to life-threatening diseases such as pneumonia.[@bib3] For example, the 2019 novel coronavirus (SARS-Cov-2; COVID-19) has infected more than 3 million people and has killed more than 200,000 worldwide so far.[@bib4] The mortality rate in severe patients is greater than 60%.[@bib5] Increasing evidence suggests that patients with severe pneumonia have cytokine storm syndrome, whereby the body\'s immune response leads to uncontrolled inflammation of lung tissue.[@bib6]

As far as we know, inhibiting the cytokine storm may be one key to saving the life of patients with severe pneumonia infected with a highly pathogenic virus such as SARS-Cov-2.[@bib7], [@bib8], [@bib9], [@bib10] Certain anti-inflammatory therapeutics have proved beneficial in clinical treatment.[@bib11], [@bib12], [@bib13] For example, tocilizumab (an interleukin-6 \[IL-6\] receptor blocker) and corticosteroids have been approved to treat patients with COVID-19 pneumonia in China. Although promising, current systemic treatment options for inflammation therapy in the clinic often lead to high/frequent dosing and side effects. For instance, osteonecrosis has often occurred in SARS (severe acute respiratory syndrome) patients because of corticosteroid use.[@bib14] Targeting the pneumonia to improve the efficacy while reducing the dosage and side effects remains elusive in clinical treatment. Further efforts are demanded to develop targeting delivery systems for modulating and reducing the local inflammatory responses in pneumonia.[@bib15], [@bib16], [@bib17]

Cellular delivery systems have raised increasing attention due to their excellent biocompatible and unique delivery behaviors.[@bib18], [@bib19], [@bib20], [@bib21], [@bib22] Platelets are one kind of inherent cells in the body, which if serving as drug-delivery systems are equipped with several advantages compared with other synthetic delivery systems.[@bib19] For example, as one role of immune cells, platelets have intrinsic affinity with the site of inflammation.[@bib23], [@bib24], [@bib25] They can bind to the activated/inflamed vascular walls through a range of receptor patterns, including CD40L, glycoproteins Ibα, αIIb, and VI, and P-selectin.[@bib23], [@bib24], [@bib25] In light of this, here we leveraged platelet-derived extracellular vesicles (PEVs) to facilitate the delivery of anti-inflammatory agents to pneumonia upon intravenous administration ([Figure 1](#fig1){ref-type="fig"} A). A large number of PEVs can be readily obtained by activating platelets *in vitro*.[@bib26] ^,^ [@bib27] Interestingly, we found that the PEVs showed the excellent capacity of accumulating at the site of pneumonia. PEVs released limited inflammatory factors in the active environment compared with platelets, enabling them as an anti-inflammatory drug carrier. By loading with anti-inflammation agents \[5-(*p*-fluorophenyl)-2-ureido\]thiophene-3-carboxamide (TPCA-1), the TPCA-1-PEVs significantly reduced the inflammation and cytokine storm syndromes and relieved symptoms in mice with pneumonia induced by acute lung injury (ALI). The therapeutic benefit of drug-loaded PEVs was significantly enhanced compared with that of drug alone in a mouse disease model. Furthermore, such a PEV-based platform could be made by mixing the activated platelets from the patient and anti-inflammation agents *ex vivo*, followed by isolation and reinfusion into the same patient for personalized medication.Figure 1Characterization of the Platelet-Derived Extracellular Vesicles(A) Scheme of the preparation of drug-PEVs. PRP, platelet-rich plasma; RBCs, red blood cells. TPCA-1-PEVs secreted by platelets were collected and purified by ultracentrifugation.(B and C) Morphology of the platelet (B) and PEVs (C) observed by TEM. Scale bars, 1 μm.(D--F) Particle size distribution measured by DLS in non-activated platelets (D), activated platelets (E), and PEVs (F).(G) SDS-PAGE of platelet lysate and PEVs with Coomassie brilliant blue staining.(H) Western blot analysis of CD41 and actin from the platelet lysate and PEVs.(I and J) Amount of IL-1β (I) and IL-6 (J) cytokines from platelets and PEVs in the absence and presence of thrombin.(K) The hemostatic effect of constructs in the mouse tail transection bleeding model.Data are means ± SEM (n = 3--5). Statistical significance was calculated by one-way ANOVA using Tukey's post test. ∗∗p \< 0.01; n.s., not significant.

Results and Discussion {#sec2}
======================

Cytokine Storm in Mouse with Acute Lung Injury {#sec2.1}
----------------------------------------------

Lung is a major source of cytokine storms in patients with pneumonia infected by highly pathogenic viruses such as SARS-Cov-2, which can result in high morbidity and mortality. In this study, we first evaluated the cytokine storm in the lung following the ALI of mice. ALI can be caused by pathogens, such as influenza A virus H5N1 and SARS-CoV-2,[@bib28] which is characterized by excessive inflammatory response in the lungs that induce the dyspnea and terminal failure of the respiratory system as well as acute respiratory distress syndrome (ARDS).[@bib29] It is validated that overwhelming inflammatory reactions lead to varying degrees of lung injury.[@bib30] ^,^ [@bib31] As a result, we confirmed that high CD45 immune cells infiltration ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B) and a high level of pro-inflammatory cytokines, including tumor necrosis factor α (TNF-α), IL-6, and IL-1β production ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1E) in the lung tissue, were induced in ALI mice.

Preparation and Characterization of PEVs {#sec2.2}
----------------------------------------

We prepared the targeted delivery platform using the PEVs ([Figure 1](#fig1){ref-type="fig"}A). A large number of platelet-derived vesicles can be generated and released after platelet activation.[@bib32] ^,^ [@bib33] Here, we used thrombin to activate the platelets *in vitro*. Pre- and post-activated platelets and PEVs were analyzed by transmission electron microscopy (TEM) ([Figures 1](#fig1){ref-type="fig"}B and 1C) and dynamic light scattering (DLS) ([Figures 1](#fig1){ref-type="fig"}D--1F and [S2](#mmc1){ref-type="supplementary-material"}A). The activated platelets exhibited a size of 100--200 nm as shown in DLS data compared with platelets without activation, which indicated PEV generation after activation ([Figure 2](#fig2){ref-type="fig"} E). PEVs were then isolated from the platelet-activated supernatant by ultracentrifugation according to a standard protocol.[@bib32] The purified PEVs showed a spherical shape with sizes of about 100--150 nm ([Figure 1](#fig1){ref-type="fig"}C) compared with the non-activated platelets ([Figure 1](#fig1){ref-type="fig"}B). To ensure the obtained vehicle was derived from platelets, we examined protein profiles of platelets and PEVs by SDS-PAGE and western blot. As expected, PEVs partially contained proteins from original platelets ([Figure 1](#fig1){ref-type="fig"}G). The existence of CD41 on PEVs further confirmed that PEVs were derived from platelets, while some cytosolic proteins such as actin was lost in PEVs compared with platelets ([Figure 1](#fig1){ref-type="fig"}H). Besides, PEVs were stored in various buffers at 4°C for at least 4 days *in vitro* ([Figure S2](#mmc1){ref-type="supplementary-material"}B). In the absence of platelet aggregation inhibitor prostaglandin E~1~ (PGE1), the size of PEVs did not change significantly, indicating the high stability of PEVs *ex vivo*.Figure 2*In Vitro* and *In Vivo* Targeting(A--D) Confocal fluorescence imaging of DiD-labeled platelet and PEVs after incubation with activated macrophages (A) and endothelial cells (C) (blue, nuclei; red, PEVs). Scale bars, 20 μm. Fluorescence quantification of platelet and PEVs per unit area on macrophages (B) and endothelial cell surfaces (D).(E) Schematic diagram of PEVs targeting mouse lung.(F) *Ex vivo* fluorescence imaging of lung from normal or untreated ALI mice after administration of DiD-labeled PEVs at 2 h.(G) Quantitative analysis of fluorescence of lung according to (F).(H and I) *Ex vivo* imaging showed biodistribution of DiD-labeled PEVs (H). Corresponding quantitative data are shown in (I).(J) Immunofluorescence of lung tissue slices of mice after different treatments as indicated (blue, nuclei; red, PEVs; green, CD68). Scale bars, 50 μm.Data are means ± SEM (n = 3--5). Statistical significance was calculated by one-way ANOVA using Tukey's post test. ∗∗p \< 0.01; ∗∗∗p \< 0.005.

As pro-inflammatory cells, platelets may also accelerate inflammation and progression by the release of inflammatory factors when binding to the disease site.[@bib34] To determine whether PEVs also release pro-inflammatory cytokines upon activation, an ELISA was used to detect the IL-1β and IL-6 in the supernatant via thrombin activation in PBS. Unlike platelets, PEVs did not release cytokines significantly after thrombin treatment ([Figures 1](#fig1){ref-type="fig"}I and 1J), suggesting that PEVs could not aggravate the inflammatory response after transporting to the inflamed site compared with the naive platelets.[@bib27] These results suggested the promise of PEVs as a drug carrier for inflammation disease targeting. We further tested the hemostatic capacity of PEVs *in vivo*. The time of tail-bleeding after transection was monitored after pre-injection of PBS, platelets, or PEVs at a dose of about 12.6 mg/kg determined by bicinchoninic acid analysis. Our results showed that no significant hemostasis occurred after administration, indicating that the PEVs could not increase the risk of hemostasis after intravenous injection at the current dose ([Figure 1](#fig1){ref-type="fig"}K).

*In Vitro* Targeting of Blank PEVs to Inflammatory Cells {#sec2.3}
--------------------------------------------------------

To mimic the inflammatory microenvironment, we converted RAW264.7 cells to activate macrophages by lipopolysaccharide (LPS) treatment.[@bib35] ^,^ [@bib36] The activated macrophages were then incubated with platelets or PEVs labeled with 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD) ([Figures 2](#fig2){ref-type="fig"}A and 2B). Platelets were used as a positive control. It was observed by fluorescence imaging that, similar to the naive platelets, PEVs showed a higher affinity toward activated cells compared with the non-activated macrophages ([Figures 2](#fig2){ref-type="fig"}A and 2B). The targeting effect was further observed in activated endothelia, which also play a dominant role in initiating the process of inflammation ([Figures 2](#fig2){ref-type="fig"}C and 2D).[@bib37] Both platelets and PEVs could target human umbilical vein endothelial cells (HUVECs) induced by LPS. This binding ability was significantly weakened on resting activated cells or unactivated endothelial cells. Collectively, these results indicated that PEVs also had affinity with the major components of inflammation-associated cells *in vitro*. Nevertheless, receptors/proteins between the PEVs and inflamed cells as well as the mechanism of vesicle internalization by inflamed cells need to be further investigated in detail.

Accumulation of PEVs Targeted toward Acute Lung Injury {#sec2.4}
------------------------------------------------------

We then investigated whether PEVs could specifically target inflammatory lungs *in vivo* ([Figure 2](#fig2){ref-type="fig"}E). Free DiD or DiD-labeled PEVs (at the same dose of DiD determined by absorption, PEVs: 12.6 mg/kg) were injected in the ALI mice intravenously. After injection for 2 h ([Figures 2](#fig2){ref-type="fig"}F--2I), the lungs were collected and imaged by an *ex vivo* imaging system. Interestingly, we observed that DiD-PEVs showed the strongest fluorescence intensity in the affected lungs compared with those in healthy mice or free dye-treated ALI mice ([Figures 2](#fig2){ref-type="fig"}F and 2G). Of note, in the DiD-PEVs-treated healthy mice or DiD-treated ALI mice at the 2-h time point, most of the signals were located in the liver. In contrast, the major organ of DiD distribution was the lung in the DiD-PEVs-treated ALI mice ([Figures 2](#fig2){ref-type="fig"}H and 2I), suggesting excellent accumulation capacity of PEVs at the acute lung inflammation site. The confocal images of lung tissue also showed that enrichment of PEVs compared with free DiD treatment or in normal lungs ([Figure 2](#fig2){ref-type="fig"}J), further confirming the targeting capacity of PEVs to the injured lung tissue.

These results can be explained by the intrinsic affinity of PEVs to the site of inflammation. PEVs were able to bind to the activated/inflamed vascular walls through a range of receptor patterns, including CD40L, glycoproteins Ibα, αIIb, and VI, and P-selectin.[@bib23], [@bib24], [@bib25] In addition, nanosized PEVs can also passively target the inflamed lung tissue: temporary dilated and leaky blood vessels caused by histamine in response to injury allowed injected nanosized PEVs to pass through the vasculature and reach the injured tissue.[@bib38]

Acute Pneumonia Treatment by TPCA-1-PEVs Infusion {#sec2.5}
-------------------------------------------------

We then hypothesized that PEVs were a platform delivery carrier for targeting drug delivery toward inflammation. TPCA-1, a potent and selective inhibitor of IκB kinases (IKK) in nuclear factor (NF)-κB pathway, can inhibit the production of TNF-α, IL-6, and IL-8 from human monocytes[@bib39] ^,^ [@bib40] ([Figure 3](#fig3){ref-type="fig"} A). It has been demonstrated that TPCA-1 can reduce the severity of pneumonia in mouse.[@bib41] Here, we loaded the TPCA-1 into the platelets, likely by means of passive diffusion and/or hydrophobic interaction, followed by platelet activation to obtain the TPCA-1-PEVs. The characteristic absorption peak of TPCA-1 in the absorption spectrum indicated the successful loading of TPCA-1 into the PEVs ([Figure 3](#fig3){ref-type="fig"}B). The size and the zeta potential of the TPCA-1 loaded PEVs did not change significantly compared with empty PEVs ([Figure S3](#mmc1){ref-type="supplementary-material"}). The drug-loading percentage was about 10.6% (loaded/added TPCA-1) ([Figure 3](#fig3){ref-type="fig"}C) and we obtained TPCA-1-PEVs containing 4.6 wt % of TPCA-1 at the TPCA-1 concentration of 600 μg/mL. The PEVs exhibited a controlled and sustained release profile, with approximately 85.3% of total TPCA-1 leaking out from the PEVs into the medium within 48 h ([Figure 3](#fig3){ref-type="fig"}D).Figure 3Drug Loading of TPCA-1 to the PEVs and *In Vitro* Therapeutic Effect(A) Chemical structure of TPCA-1.(B) Representative UV-visible absorption peaks of PEVs, TPCA-1, and TPCA-1-PEVs in PBS.(C) Drug-loading amount and efficacy of TPCA-1 to the PEVs.(D) *In vitro* release profile of TPCA-1-PEVs in PBS over 48 h.(E and F) Production of TNF-α (E) and IL-6 (F) from activated macrophages supernatant after incubated with combinations of LPS (100 ng/mL), free TPCA-1, and TPCA-1-PEVs.(G) Representative expression of CD80 and in macrophages after various treatments as indicated.(H) Representative expression of ROS in macrophages after various treatments as indicated.Data are means ± SEM (n = 3--5). Statistical significance was calculated by one-way ANOVA using Tukey's post test. ∗∗p \< 0.01; ∗∗∗p \< 0.005; ∗∗∗∗p \< 0.001.

*In vitro* anti-inflammation therapeutic effect of TPCA-1-PEVs was also confirmed. All treatments were able to reduce the production of IL-6 and TNF-α ([Figures 3](#fig3){ref-type="fig"}E and 3F). The level of IL-1β was not affected remarkably ([Figure S4](#mmc1){ref-type="supplementary-material"}), probably due to the negative regulation of NF-κB in IL-1β secretion.[@bib42] In addition, we studied the immune response of macrophages after the treatment by TPCA-1-PEVs. As expected, LPS-stimulated macrophages displayed a typical M1 phenotype. Addition of TPCA-1 or TPCA-1-PEVs into the LPS-stimulated macrophages resulted in a lower level of CD80^+^, indicating that TPCA-1-PEVs inhibited the inflammatory response and M1 polarization induced by LPS ([Figure 3](#fig3){ref-type="fig"}G). Moreover, treatment with TPCA-1-PEVs significantly reduced LPS-induced reactive oxygen species (ROS) production of macrophages ([Figure 3](#fig3){ref-type="fig"}H).

To demonstrate the therapeutic efficacy by targeting delivery, we challenged mice with LPS (8 mg/kg) to induce ALI.[@bib30] Four hours later, PBS, free TPCA-1 (1 mg/kg), and TPCA-1-PEVs (equal to 1 mg/kg of TPCA-1) were intravenously administered ([Figure 4](#fig4){ref-type="fig"} A). All mice were euthanized 20 h after injection for analysis. As the production of ROS during pneumonia may contribute to lung injury, 2,7-dichloro-di-hydrofluorescein diacetate (DCFH-DA) staining of lung tissue for detecting ROS production was performed. As shown in [Figure 4](#fig4){ref-type="fig"}B, we found that TPCA-1-PEVs treatment could significantly inhibit the generation of ROS during acute pneumonia, while free TPCA-1 treatment showed a limited ROS-scavenging capability. In addition, the level of malondialdehyde (MDA) and myeloperoxidase (MPO), which are important defenses in neutralizing ROS in the lung, were found to increase remarkably, validating the removal of ROS ([Figures 4](#fig4){ref-type="fig"}D and 4E).[@bib43] Figure 4Anti-Pneumonia Therapy by TPCA-1-PEVs Infusion(A) Experimental schedule of the ALI model study. ALI mouse model was generated by intratracheal administration of LPS (8 mg/kg). Four hours after LPS challenge, mice were intravenously infused with PBS, free TPCA-1, or TPCA-1-PEVs. Twenty hours after administration of therapeutics the mouse lungs were collected for therapeutic analysis.(B) Representative fluorescence images visualizing ROS. DCFH-DA and DAPI staining of lung tissues (blue, nuclei; green, ROS). Scale bars, 50 μm.(C) ROS level of lung tissues according to (B).(D and E) MPO (D) and MDA (E) level of lung tissue homogenate after various treatments as indicated.(F) Wet-to-dry ratio of lungs by various treatments as indicated.(G) H&E-stained lung tissue sections were imaged. Scale bars, 100 μm.Data are means ± SEM (n = 3--5). Statistical significance was calculated by one-way ANOVA using Tukey's post test. ∗*p* \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.005; ∗∗∗∗p \< 0.001; n.s., not significant.

In addition, we measured the lung wet/dry weight ratios to observe lung edema. Pathological examinations have revealed that the lungs of COVID-19 patients exhibited edema, which may be due to the promoted mucus production and immune cell infiltration. Administration with TPCA-1-PEVs significantly reduced the lung edema compared with free drug treatment ([Figures 4](#fig4){ref-type="fig"}F and [S5](#mmc1){ref-type="supplementary-material"}). Moreover, histological examination validated the existence of excessive pulmonary edema, alveolar inflammatory cell exudation/infiltration, and alveolar injury in the untreated ALI group ([Figure 4](#fig4){ref-type="fig"}G). In the treatment groups, the inflammatory cell infiltration of mice receiving TPCA-1-PEVs was reduced significantly compared with the untreated ALI group and free drug treatment.

As already mentioned, preventing or inhibiting the cytokine storm may be one of the keys to saving the life of patients with severe pneumonia. Therefore, we investigated whether the lung cytokine storm could be calmed by targeted delivery of TPCA-1 using PEVs. The levels of TNF-α, IL-6, and IL-1β in lung tissue homogenate were measured by ELISA following the treatments ([Figure 4](#fig4){ref-type="fig"}A). Although the TPCA-1 has been demonstrated to decrease the cytokine storm in previous studies, the therapeutic efficacy was limited in our experimental mouse ALI model at the dose of 1 mg/kg. The free TPCA-1 treatment moderately reduced the cytokine level. PEVs alone did not result in reduced immune cell infiltration and cytokine concentration ([Figure S6](#mmc1){ref-type="supplementary-material"}). Encouragingly, these inflammatory factors were significantly declined after treatment with TPCA-1-PEVs, indicating that the cytokine storm was efficiently inhibited by the targeted delivery of TPCA-1 using the PEVs ([Figures 5](#fig5){ref-type="fig"}A--5C).Figure 5Lung Cytokine Storm and Infiltration of Immune Cells in the Lung Tissue Could Be Calmed by Targeted Delivery of TPCA-1 Using Platelet-Derived Extracellular Vesicles(A--C) Inflammatory factors including TNF-α (A), IL-6 (B), and IL-1β (C) of lung tissue homogenate after various treatments as indicated.(D) Lung sections were stained with CD45 after various treatments as indicated. Scale bar, 100 μm.(E and F) Representative plots of CD45^+^ cells as a percentage of the total cell population (E) and corresponding quantification results (F).(G and H) Representative plots of CD11b^lo^ F4/80^hi^ cells as a percentage of the total CD45^+^ cell population (G) and corresponding quantification results in all cells (H) after various treatments.(I and J) The proportion of CD14^+^ in CD45^+^ cells after various treatments (I) and corresponding CD14^+^CD45^+^ quantification in all cells (J).(K and L) The proportion of CD3^+^ in CD45^+^ cells after various treatments (K) and corresponding CD3^+^CD45^+^ quantification in all cells (L).Data are means ± SEM (n = 3--5). Statistical significance was calculated by one-way ANOVA using Tukey's post test. ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.005; ∗∗∗∗p \< 0.001.

Infiltration of immune cells is a key sign of pneumonia and is associated with cytokine storm. In patients infected with SARS-CoV-2, it has been reported that the severity of pulmonary immune injury correlated with major infiltration of neutrophils, macrophages, and T cells in the lungs.[@bib44] We also tested the persistence of immune cells in the lung after treatments, whereby the total percentage of CD45^+^ cells at the site of lung tissue was reduced remarkably in the mice receiving the TPCA-1-PEVs compared with the TPCA-1 alone ([Figures 5](#fig5){ref-type="fig"}D--5F). We next measured macrophages in the lung. CD11b^lo^ F4/80^hi^ resident macrophages play crucial roles in ALI. In the acute phase of ALI/ARDS, resident macrophages shift into the classically activated phenotype (M1) and release various potent pro-inflammatory mediators.[@bib45], [@bib46], [@bib47] We observed a decreased level of the CD11b^lo^F4/80^hi^ macrophage cell subset in mice treated with TPCA-1-PEVs compared with mice treated with free drug ([Figures 5](#fig5){ref-type="fig"}G and 5H). Furthermore, a significantly higher percentage of CD14^+^CD45^+^ inflammatory infiltrating monocytes/macrophages ([Figures 5](#fig5){ref-type="fig"}I and 5J)[@bib44] ^,^ [@bib48] ^,^ [@bib49] was found in the untreated mice, while mice injected with TPCA-1-PEVs exhibited a remarkable decrease of CD14^+^CD45^+^ inflammatory immune cells. We further analyzed the proportion of CD3^+^CD45^+^ T cells in the lung ([Figures 5](#fig5){ref-type="fig"}K and 5L), which was significantly lower in mice treated with TPCA-1-PEVs than in those treated with TPCA-1 alone. In addition, H&E staining of other major tissues confirmed that PEVs have limited toxic effects on treated mice ([Figure S7](#mmc1){ref-type="supplementary-material"}).

Accumulation of PEVs Targeted toward Other Inflammatory Diseases {#sec2.6}
----------------------------------------------------------------

Inflammation is associated with various human diseases that affect people\'s health and quality of life. Encouraged by our results associated with ALI, we hypothesized that PEVs could be also be applied to target other inflammations. To test our hypothesis, we tested the potency of PEVs targeted to inflammatory sites as a universal strategy in several other inflammation disease models, including atherosclerotic plaque, rheumatoid arthritis, and skin wound. Interestingly, we found that PEVs could selectively target both chronic and acute inflammatory sites in various disease models, including chronic atherosclerotic plaque ([Figure 6](#fig6){ref-type="fig"} A), rheumatoid arthritis ([Figure 6](#fig6){ref-type="fig"}B), and acute wound injury ([Figure 6](#fig6){ref-type="fig"}C) compared with free dyes. Obvious accumulation of DiD-PEVs was noticed at inflamed tissue. Our results indicated that the PEV approach may potentially provide a simple and useful platform technique for the detection of and drug delivery to inflammatory disease.Figure 6Accumulation of PEVs toward Other Inflammatory Diseases(A) Schematic diagram of PEVs targeting mouse aortic arch and *ex vivo* fluorescence imaging of atherosclerotic aortic from wild-type (WT) or ApoE-knockout mice after administration of DiD-labeled PEVs.(B) Schematic diagram of PEVs targeting mouse hindlimb joint and *in vivo* fluorescence imaging of the normal or rheumatoid arthritis (RA) mice after intravenous administration of DiD-labeled PEVs.(C) Schematic diagram of PEVs targeting mouse wound and *in vivo* fluorescence imaging of the normal or skin-injury (SKI) mice after intravenous administration of DiD-labeled PEVs.n = 3.

Conclusions {#sec2.7}
-----------

In summary, we have developed a pneumonia-targeting treatment strategy platform based on PEVs. Inspired by the inherent ability of PEVs to target the inflamed site, we found that PEVs could accumulate at the site of inflammation associated with pneumonia and facilitate the delivery of anti-inflammatory agents by intravenous administration. Our results highlighted that targeted drug delivery to treat pneumonia significantly reduced the cytokine storm syndromes when compared with free drug therapy. Our formulation may inspire new treatments for COVID-19 patients. Furthermore, we found that PEVs could selectively target various inflammatory sites, indicating that it could serve as a broad platform for inflammation targeting. Due to its excellent biocompatibility and ease of preparation, such technology showed potential for further clinical translation.

Experimental Procedures {#sec3}
=======================

Resource Availability {#sec3.1}
---------------------

### Lead Contact {#sec3.1.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Chao Wang (<cwang@suda.edu.cn>).

### Materials Availability {#sec3.1.2}

This study did not generate new unique reagents.

### Data and Code Availability {#sec3.1.3}

This study did not generate custom code, software, or algorithms.

Preparation and Characterization of PEVs {#sec3.2}
----------------------------------------

Mice platelets were separated according to the protocol reported previously.[@bib20] In brief, whole blood was collected from the sinus of BALB/c mice and resuspended in PBS containing EDTA (5 mM, Sigma-Aldrich) and PGE1 (1 μM, MCE), then centrifuged at 100 × *g* for 15 min to remove red blood cells. The supernatant was collected and centrifuged at 800 × *g* for 20 min. Centrifuged sediment was stored at room temperature for further use after resuspension. For the preparation of PEVs, the platelet concentrate was activated by thrombin (2 U/mL, Solarbio) for 30 min and centrifuged at 800 × *g* for 10 min. The collected supernatant was further subjected to ultracentrifugation to concentrate the PEVs into granules at a rate of 100,000 rpm for 2 h. The morphology of PEVs was detected by TEM. Protein expression of platelet and PEVs was determined by SDS-PAGE and western blot. The particle size and changes over time were measured by DLS. To prepare TPCA-1-platelet, we added TPCA-1 (APExBIO) dissolved at 600 μg/mL in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) at specified inputs directly to platelets suspended in PBS containing EDTA (5 mM, Sigma-Aldrich) and PGE1 (1 μM, MCE) for 12 h. The loading and sustained release of TPCA-1 (APExBIO) on PEVs was detected by high-performance liquid chromatography (HPLC). To test the loading capacity, we measured the loading content by HPLC. The TPCA-1-PEV suspension was dried by lyophilization and weighed. The drug content of TPCA-1 in PEVs was calculated with the following equation: loaded drug/dried TPCA-1-PEVs (w/w). We obtained TPCA-1-PEVs containing 4.6 wt % of TPCA-1 at TPCA-1 concentration of 600 μg/mL. The DiD or TPCA-1 was dissolved in a small amount of DMSO and diluted with PBS for further use.

Animals {#sec3.3}
-------

BALB/c mice (female, 6--8 weeks old, 18--20 g each) were purchased from the experimental animal center of Soochow University. Mice were allowed to adapt to the laboratory for at least 7 days in climatic conditions. Experimental group sizes were approved by the regulatory authorities for animal welfare after being defined to balance statistical power, feasibility, and ethical aspects. The experiments were conducted under the guidance of the Institutional Review Board of Soochow University, which complied with relevant ethical codes.

Cell Lines {#sec3.4}
----------

RAW264.7 cells (mouse leukemia cells of monocyte macrophage) and HUVECs were obtained from American Type Culture Collection. The cells were cultured in DMEM solution containing 10% fetal bovine serum (Invitrogen), 100 U/mL penicillin/streptomycin (Invitrogen). Cells were tested every 3 months to exclude the presence of mycoplasma.

Animal Model Induction and Treatment {#sec3.5}
------------------------------------

The ALI mouse model was established according to previous reports.[@bib30] BALB/c mice were anesthetized, then fixed in the supine position and injected intratracheally with LPS (8 mg/kg) into the posterior pharyngeal wall. After 4 h, mice were treated once with TPCA-1 or TPCA-1-PEVs. Animals were euthanized 24 h after the last injection.

MTT Cytotoxicity Assay {#sec3.6}
----------------------

RAW264.7 cells (1 × 10^4^ cells/well) were plated on a 96-well plate. After 12 h, this was replaced with a medium containing different concentrations of the drug. After 24 h of incubation, MTT reagent was added and incubated for another 4 h. Thereafter, the supernatant was removed and the residue dissolved by adding DMSO. The absorbance of the solution was recorded with a multi-wall plate reader at 570 nm.

*In Vitro* Binding {#sec3.7}
------------------

To obtain activated macrophages, we cultured RAW264.7 with 100 ng/mL LPS for 24 h. For adhesion studies, activated cells were co-incubated with DiD-loaded platelets or PEVs for 24 h and washed three times with PBS to remove the unbound particles. The cells were stained with DAPI after fixing with 4% paraformaldehyde. The results were obtained by fluorescence microscopy. For activated endothelial cell binding, HUVECs were pre-stimulated with 100 ng/mL LPS (Biosharp) and incubated with DiD-labeled platelet or PEVs, respectively, for 24 h. The unbounded particles were removed by washing with PBS three times. The binding behaviors were determined after staining with DAPI.

Intracellular ROS Detection {#sec3.8}
---------------------------

ROS production was detected by a ROS assay kit. To create an inflammatory environment, we pre-treated RAW264.7 cells with 100 ng/mL LPS (Biosharp) for 1 h. TPCA-1 or TPCA-1-PEVs were added in groups and treated for another 24 h. Cells were then cultured with 20 μM DCFH-DA (Sigma) for 30 min at 37°C. Subsequently, the cells were washed three times with serum-free medium. The fluorescence signal intensity of DCFH-DA oxidatively transformed fluorescent dichlorofluorescein was measured by flow cytometry, and the change of intracellular ROS level was measured using FlowJo software.

Cytokine Assay {#sec3.9}
--------------

For *in vitro* stimulation, RAW264.7 cells were pre-treated with 100 ng/mL LPS (Biosharp) for 1 h, then TPCA-1 and TPCA-1-PEVs were added in groups and treated for another 24 h. Cytokine production was analyzed by ELISA according to the cell supernatant provided by the manufacturer.

Western Blotting {#sec3.10}
----------------

The protein expression of the inflammatory factor in the cell was detected by western blotting according to the existing method. In brief, cells were lysed with RIPA lysis buffer, added to the loading buffer in proportion to boiling point, and proteins were separated by 10% SDS-PAGE. The wet transfer procedure was followed to transfer the protein to the PVDF membrane. After the milk powder was blocked, incubation with anti-CD41 (1:1,000) and β-actin (1:5,000) antibodies and detection with the horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G secondary antibody (1:5,000) was carried out. FluorChem was used to display hybridization bands, and the software ImageJ was used for quantitative analysis of western blots.

*In Vivo* Targeting to Inflammatory Site {#sec3.11}
----------------------------------------

The model was generated as mentioned above. The mice were injected intravenously with DiD-loaded PEVs. Age-matched normal mice were used as controls. At the pre-determined time intervals, mouse and organ were imaged using IVIS Spectrum Imaging System (PerkinElmer). For histological analysis, the organ was collected and embedded in optimal cutting temperature compound, and frozen sections were sectioned. Each section was 10 μm thick and fixed in 4% paraformaldehyde for 30 min. After washing three times with PBS, 200 μL of serum was added to each section. Subsequently, CD68 primary antibody (Abcam) incubation was carried out, followed by fluorescein isothiocyanate-conjugated secondary antibody incubation. Each part was stained with 200 μL of DAPI after washing three times with PBS containing 0.05% Tween 20. The slides were sealed and analyzed by confocal microscopy.

Histological Analysis and Immunohistochemical Staining {#sec3.12}
------------------------------------------------------

At the end of the experiments, the organ was fixed with 4% paraformaldehyde overnight and embedded in paraffin. Paraffin sections were cut into the slice with a thickness of 4 μm. H&E staining was used to assess inflammatory infiltration. The amount of CD45 was analyzed by immunohistochemistry.

Flow Cytometry {#sec3.13}
--------------

Mice were euthanized and the dissected tissues crushed by tissue grinding. The removed tissue was homogenized by nylon gauze to obtain a single-cell suspension, then treated with red blood cell lysis buffer and stained with fluorescent antibody (BioLegend) as indicated. The stained cells were analyzed on a BD Accuri C6 flow cytometer using the FlowJo software package.

Lung Wet/Dry Ratios {#sec3.14}
-------------------

The tissue samples were weighed (wet weight) immediately after removal and dried in an oven at 45° C until a stable dry weight was reached after 48 h. The ratio of wet weight to dry weight was then calculated to quantify the degree of pulmonary edema.

Analysis of Lung Tissue Homogenate {#sec3.15}
----------------------------------

The lung tissue was weighed and 10% of tissue homogenized with PBS as the homogenization medium. The MPO and MDA tests followed the steps of the kit manufacturer. Inflammatory factors were detected by ELISA according to the manufacturer\'s protocol.

Statistical Analysis {#sec3.16}
--------------------

All results are expressed as mean ± SD or mean ± SEM. Repeated groups were included in all experiments unless otherwise stated. When the data of the two groups were compared, the results were significant (p \< 0.05). For multiple comparisons, Tukey\'s post hoc test for statistical differences was used. All statistical analyses were performed using GraphPrism (v5.0). Significance in the figures is indicated by asterisks: ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.005, ∗∗∗∗p \< 0.001. All intensities of fluorescence expression in the experiments were further calculated by ImageJ software.
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